Abstract This paper presents a reconstruction of the catastrophic floods of AD 1617 in Catalonia (northeast Spain). Compilation of archival data sources shows that heavy rainfall occurred from 2 to 6 November 1617 and that the resultant flooding caused severe damage throughout the region, including the destruction of at least 389 houses, 22 bridges and 17 water mills. Discharges of 2700-4500 m 3 s -1
INTRODUCTION
It is recognized that the most important impacts of climate change on society involve weather-related disasters, in particular floods and droughts (Houghton et al., 2001) . However, the current accuracy of general circulation models (GCMs) enables only the projection of mean climatic parameters (monthly temperature and precipitation) at spatial resolutions greater than the size of most river basins. Uncertainties therefore exist regarding the impact of climate change on extreme floods at the basin scale. The relationship of flooding to global environmental change and its associated modelling
STUDY BASINS
The principal study basins discussed in this paper are those of the Ter, Llobregat and Segre rivers (Fig. 1) , which have drainage areas of 3295, 5455 and 11 068 km 2 , respectively. The largest floods registered in the instrumental record (from gauge stations adjacent to the study reaches) are listed in Can provide information at hourly or daily resolution. Gaps in record due to loss or destruction of archival sources, e.g. during wars.
Meteorological conditions -
Can identify a number of meteorological characteristics, e.g. days with rainfall, relative rainfall intensity, wind direction and temperature changes.
Flood impacts
Reconstructed flood discharges can be routed through particular river reaches of a basin, using hydraulic modelling, to estimate potential impact.
Information on casualties; destruction of buildings and infrastructures; economic losses etc.
Segre (2300 m 3 s -1 ). Each basin has a long historical flood chronology with records beginning in 1322, 1315 and 1306 for the Ter, Llobregat and Segre basins, respectively. The palaeoflood records span approximately 17 000 years in the Segre River (Rico, 2004 ); 3 000 years in the Llobregat River (Thorndycraft et al., 2005) and 350 years in the Ter basin (this paper).
METHODOLOGY

Compiling past flood information from sedimentary records -palaeoflood hydrology
Palaeoflood hydrology is the reconstruction of the magnitude and frequency of recent, past, or ancient floods using geomorphological evidence. Most commonly used are slackwater flood deposits, which indicate the minimum water surface elevation of past floods and can be used to estimate flood magnitude and frequency (Baker, 1987; Benito et al., 2003) . During high-flood stages in river gorges, eddies, back-flooding and water stagnation occur at the valley sides, producing low velocities and/or flow stagnation that favours deposition of clay, silt and sand. At the study reaches ( Fig. 1) 8 2 Fig. 1 Map showing the location of the palaeoflood study reaches and the major societal impacts of the 1617 floods in Catalonia. the sedimentary sequences. Individual flood units were determined through a close inspection of depositional breaks and/or indicators of surficial exposure, such as bioturbation. Flood chronology was determined by radiocarbon dating carried out on charcoal samples collected from individual flood units (Table 3 ). In addition, at the Ter site, a coin was found buried by slackwater deposits. The coin was dated to AD 1651-52 (see Appendix 1 for details).
Compiling past flood information from archival sources
In Catalonia, the recording of destructive events, such as floods or droughts, was undertaken by public institutions in order to provide information for future decision making as communities were especially dependent upon rivers for drinking water, water power and irrigation. These administrative sources (e.g. town council resolution books and public works files) were the main types consulted in this study due to their optimal objectivity. Other sources used included chronicles, diaries or books written by individuals or corporations. The objectivity or continuity of the information are not guaranteed; however, these types of documents can usually provide useful anecdotal details. In total, 903 manuscript volumes from different documentary series were consulted in the three study basins, with 1227 additional manuscript volumes used from elsewhere in Catalonia. Of these, 27 documents (and nine further bibliographic sources) were specifically concerned with the 1617 event (see Appendix 2 for a list of the data sources). The available information concerning floods, relevant to this study, can be divided into three types. Firstly, the general meteorological conditions may be described, for example, the occurrence of torrential or persistent rain, the date and time a storm began and its duration and the prevailing wind direction. Often the information is sufficient to understand the cause of the flood. Secondly, there may be precise descriptions about the nature of the flooding, for example the dates of overbank flows, characteristics of the floodwaters such as the strength of flow or the maximum elevation reached by the floodwaters. In some cases the latter is preserved by marks and dates etched onto the sides of buildings. Finally, an assessment of flood impacts can be estimated as the authorities made descriptions of the damage caused.
Palaeodischarge estimation
The estimation of palaeodischarge from slackwater flood deposits or historical flood marks (palaeostage indicators) was carried out by computing the water surface profiles for various hypothetical discharges that were routed through the surveyed study reaches. The hydraulic modelling was carried out through the step-backwater method (Webb & Jarrett, 2002 ) using the HEC-RAS one-dimensional model (Hydrologic Engineering Center, 1995) run within a GIS environment. Palaeodischarge estimates were obtained by matching the model-generated water surface profiles to the elevation of the palaeostage indicators, except for the Monistrol palaeoflood deposits. In this specific case, channel flow velocity was over 6 m s -1 with subcritical flow conditions (Froude Number about 0.5), indicating a sharp velocity transition from the main channel to the canyon side where the slackwater flood sediments illustrated deposition in stagnant water conditions (Thorndycraft et al., 2005) . Assuming that the sedimentation at the alcove (where the velocity head equals zero) was close to the maximum flow stage and, therefore, related to the total energy head for the cross-section, the palaeodischarge was obtained by matching the energy line (rather than the water surface profile) to the palaeostage evidence. Further information on the hydraulic modelling, including details of the roughness coefficients used and the surveys, are presented in Thorndycraft et al. (2005) 
and Casas et al. (2006).
THE 1617 EVENT
Historical reconstruction of the event
The storm began on 2 November with a front of torrential rain passing over coastal areas of Catalonia ( Fig. 2(a) ). The area initially affected was not extensive; however, a shift in wind direction on 3 November (to predominantly southeasterlies or southerlies) caused the rainfall to move further inland and cover the whole of Catalonia. The first floods recorded in the documentary record occurred on the morning of 3 November in small coastal basins such as the Besos River ( Fig. 1; Fig. 2(a) ). By the evening, there was flooding in Seu d'Urgell in the upper Segre catchment. The orographic effect of the Pyrenees led to high rainfall that lasted for many hours (3-4 November) in the headwaters of the main Catalan rivers. After a brief period of respite, coastal areas were hit by further torrential rain (5-6 November), this time resulting from dispersed convective activity. As a result of this prolonged heavy rainfall there was severe flooding documented in river basins throughout Catalonia.
The known damage in the region was the destruction of 389 houses, 17 water mills and 22 bridges; partial damage to six city walls and the rupture of seven irrigation canals (Fig. 1) . The most severely affected reaches occurred at Lleida in the Segre basin (where the Cappont neighbourhood was totally destroyed), Tortosa at the mouth of the River Ebro and the lower reaches of both the Llobregat and Ter rivers. In addition to the direct impacts of damage to infrastructures, communication routes and crops, there were other impacts more difficult to quantify. The destruction of mills resulted in the loss of a basic source of energy, impeding flour production and resulting in famine in the largest towns. Furthermore, the floodwaters formed a number of coastal lagoons (Fig. 1 ) that took more than a year to dry, resulting in increased levels of mosquitoes and associated diseases within the coastal population.
Estimating discharge of the 1617 floods
The sedimentary evidence for the 1617 flood in the Llobregat, Ter and Segre river basins is presented in Fig. 3 . At the Monistrol de Montserrat reach of the Llobregat River a single slackwater flood unit was discovered in a valley side alcove located approximately 16 m above the river bed (Fig. 3(c) ). The deposit was dated to cal. AD 1460-1670 (Table 3 ). This date and the exceptional altitude of the deposits, when cross-referenced with the documentary flood record from the basin, imply that the sediments were most likely deposited by the 1617 flood (Thorndycraft et al., 2005) , the most extreme to have occurred during the last seven centuries according to flood marks at Martorell and El Prat del Llobregat (located at the delta reach). These flood marks indicate the severe magnitude of the flood. However, an accurate discharge is difficult to quantify due to urbanization, the construction of major road and rail infrastructure and, in the case of El Prat, complex hydraulics due to its location on the delta. The palaeoflood study reach at Monistrol, located in a stable bedrock gorge with limited human impact, enabled a more accurate discharge to be calculated. Hydraulic modelling (Thorndycraft et al., 2005) resulted in a minimum discharge of 4680 m 3 s -1
for the flood (Fig. 3(c) ). The evidence from the Ter basin comes from the lower catchment, in a study reach downstream of Gerona (Fig. 1) . A flood mark located 3.6 m above street level on the Pont Mayor parish church (Fig. 4) illustrates the extreme elevation of the floodwaters. Hydraulic modelling at this reach of the river indicates a discharge of 4500 m 3 s -1 , a similar magnitude to that of the Llobregat River discussed above. The estimate may contain errors because the cross-section is unstable, as it is an alluvial reach of the Table 2) . Downstream of Sarría de Ter a site of slackwater flood deposition was found where the Ter narrows as it passes through the littoral mountain range. There is no sedimentary evidence for the 1617 flood here as the three flood units (Fig. 3(b) ) post-date a buried coin stamped in AD 1651 or 1652 (see Appendix 2) . Hydraulic modelling indicates a minimum discharge of 2750 m 3 s -1 for a flood to inundate the alcove. This is substantially lower than the flood mark discharge of 4500 m 3 s -1 . It appears that the alcove was repeatedly inundated during the Little Ice Age (LIA), for example at least three floods are known to have occurred between the late 17th and 19th centuries from the palaeoflood evidence (Fig. 3(b) . It is probable, therefore, that the flood sediments here were exposed to erosion. Despite there being no direct physical evidence for the 1617 event, this palaeoflood site provides a conservative lower bound threshold of 2750 m 3 s -1 for the flood. The sedimentary record from the Alós de Balaguer study reach of the Segre River (Fig. 3(a) ) consistently shows evidence for three to four large floods (depending on the site of deposition) over the last millennium (Rico, 2004) . In the section illustrated in Fig. 3(a) , three flood units, separated by gravely colluvium, are preserved. The earliest flood was radiocarbon dated to 930-1170 cal. BP, whilst the upper flood sediments were deposited by the 1982 flood, the sediments of which were mapped along the study reach and dated by the presence of anthropogenic materials such as sweet wrappers (Rico, 2004) . Prior to the modern period, three catastrophic floods (observed at Seu d'Urgell, Balaguer and Lleida (Fig. 1) in the upper, middle and lower reaches, respectively) have been recorded since AD 1317 (namely 1617, 1726 and 1853). Historical evidence indicates that the 1617 flood was one of the largest and most catastrophic on record, destroying bridges, water mills and houses at Seu d'Urgell and the entire Cappont neighbourhood at Lleida. Whether the undated deposits (S3, in Despite the scarcity of available meteorological data almost four centuries ago, the reconstruction of the 1617 event from information on wind directions and rainfall timing (Fig. 2 ) allows comparison to be made with more recent events for which instrumental records are available. The atmospheric situation that could have led to the severe 1617 rainfall is similar to that of a low pressure cell that slowly tracks the Spanish coast after either entering the Mediterranean from the Atlantic in the Gulf of Cádiz area, or originating in the western Mediterranean basin (Fig. 2(b) ). There was probably an associated blocking anticyclone to the east of Catalonia, coinciding with high-level cold air over Western Europe. The result was a cold centred depression that would explain the severity and duration of the intense rainfall. In general, the extreme floods during this period were probably the result of the prevailing meridional circulation patterns caused by anticyclonic blocking over Eastern Europe (Luterbacher et al., 2002; Jacobeit et al., 2003) , with northerly cold air masses coinciding with warm, humid air masses over the Mediterranean Sea. This synoptic situation also led to other catastrophic flood events in the region, for example the Ebro River flood of 2-8 October 1787 (unpublished data), or the event of 16-20 October 1940 (Llasat, 1993 . Such blocking situations over Western Europe had the potential to cause long periods of adverse meteorological conditions, such as heavy rainfalls, cold spells or droughts (Barriendos & Llasat, 2003) , the specific hydrological response dependent upon the exact location of the high pressure cells. The timing and pattern of rainfall across Catalonia is reflected in the discharge estimates obtained for the 1617 floods of the Llobregat, Ter and Segre rivers. The most extreme flood discharges occurred in the Ter and Llobregat basins, where the floods were significantly larger than (around double) the highest magnitude events recorded in the instrumental record. By contrast, the more westerly located Segre, though severely affected in terms of socio-economic damage, witnessed a discharge probably similar to that of the 1982 flood. This reflects the fact that the convective rainfall that occurred on 5-6 November 1617 affected the littoral basins more than the inland Segre basin. The extreme hydrological conditions of the 1617 flood event are represented in the regional envelope curve (Fig. 5) where the palaeoflood and historical flood discharges are plotted alongside the maximum floods recorded at gauging stations across Catalonia and eastern Aragon, which has a similar hydrological regime. The palaeo- flood discharge data from the Ter and Llobregat rivers plot substantially above the regional envelope curve (by contrast, that of the Segre River plots below).
Also presented on the envelope curve (Fig. 5 ) are palaeoflood discharges from the Pont de Vilomara study reach (Fig. 1) of the Llobregat River. The discharges here are of similar magnitude to the 1617 flood at Monistrol; however, no absolute dating has yet indicated LIA flood sediments preserved at this site of deposition. However, radiocarbon dating does identify five major floods during the last 3000 years (Thorndycraft et al., 2005) , with two events dated to 2880-2500 cal. BP and 2850-2360 cal. BP (Table 3 ). This evidence can be used to place the 1617 floods in a longer-term context of climatic variability. There is significant evidence from across Europe, and from North Atlantic deep-sea sediment cores (e.g. Bond et al., 2001) , showing that the Late Bronze Age period experienced a cold phase of climate, specifically dated to 2850 cal. BP by van Geel et al. (1998) , who relate the cooling to solar forcing. The analysis of past flood events in Catalonian basins, therefore, suggests that the most extreme flood magnitudes of the last 3000 years occurred in response to a colder climate in Europe.
CONCLUSIONS
The value of utilizing a combined palaeoflood and historical methodological approach for obtaining data on floods that occurred prior to the instrumental period has been illustrated through a reconstruction of the 1617 floods in Catalonia. Cross-referencing the palaeoflood chronology with flood inventories compiled from archival sources can reduce the inherent uncertainties associated with the techniques (e.g. radiocarbon) used to date flood sediments. Hence the high-elevation L1 flood deposits of the Llobregat River (Fig. 3(c) ), radiocarbon dated to 490-280 cal. BP, could be assigned to the 1617 flood, as the documentary evidence pointed to this event being the most extreme in the historical record. In addition, documentary records can provide information concerning the timing of the flood, meteorological aspects of the event and the socio-economic consequences. The principal advantage of palaeoflood hydrology is that it provides accurate discharge estimates for past floods as palaeoflood sediments are located in bedrock river reaches with stable cross-sections avoiding the complexities of hydraulic modelling in urbanized areas. With respect to the 1617 event, intense rainfall occurred over an unusually long period (from 2 to 6 November) and resulted in minimum discharges of 4680 m 3 s -1 and 2750-4500 m 3 s -1 at the study reaches of the Llobregat and Ter rivers, respectively. These discharge values plot significantly above the regional envelope curve (Fig. 5) . The extreme rainfall was triggered by anomalous meteorological patterns that were a consequence of decadal-scale climatic variability during the Little Ice Age. The period AD 1580-1620, with colder temperatures and frequent blocking situations over Eastern Europe that led to more frequent storm fronts affecting Catalonia, was one of increased flood frequency in the region (Llasat et al., 2005) . Similar meteorological patterns may also have been encountered during the cold phase of the Late Bronze Age (c. 2850 cal. BP), accounting for the extreme floods of the Llobregat basin radiocarbon dated to this time. 
